Abstract Submarine channel systems transport vast amounts of terrestrial sediment into the deep sea.
Introduction
Submarine channel systems are major morphological features on the ocean floor that enable terrestrial sediment to be transported hundreds, or even thousands of kilometers from the continental shelf into the deep sea [Wynn et al., 2007] . The submarine gravity currents (e.g., turbidity currents) responsible for forming these channel systems have proven extremely difficult to monitor directly due to their inaccessible location, infrequent occurrence, and their often destructive nature [Khripounoff et al., 2003; Paull et al., 2003; Xu and Noble, 2004; Xu et al., 2013; Talling et al., 2012] . However, understanding the dynamics of these flows is important. Submarine gravity currents pose a significant hazard to seafloor infrastructure such as internet cables and oil pipelines. They transport sediment, organic material, and pollutants around the Earth's surface, thereby playing an important though poorly understood role in global biogeochemical cycles. The sediment routed through submarine channel systems ultimately forms submarine fans, which are some of the largest sedimentary bodies on Earth [Emmel and Curray, 1983] and which can contain valuable hydrocarbon reserves [e.g., Mayall et al., 2006; Babonneau et al., 2010] . A better understanding of the three-dimensional flow fields in submarine channels is therefore fundamental to understanding and predicting their sedimentary architecture and how such systems evolve both spatially and temporally.
There are many similarities between the morphology of submarine and subaerial channel systems and this has led to arguments regarding how similar the flow and morphodynamics of these two systems are [Peakall et al., 2000] . It is well understood that flow around river bends is characterized by a helical structure that results from local imbalances in the radial forces acting on the flow [e.g., Rozovskii, 1957; Dietrich and Smith, 1983; Thorne et al., 1985] . Importantly, the nature of the helical flow structure is fundamental in determining the spatial pattern of boundary stress within bends, thereby controlling where sediment is eroded, transported, and deposited around the bend and therefore how the channel system evolves. Fierce debate over the last decade has led to the conclusion that helical flow in submarine channel bends can behave differently to that in rivers and that it can display a variety of complex structures [Kassem and Imran, 2004; Corney et al., 2006 Corney et al., , 2008 Keevil et al., 2006 Keevil et al., , 2007 Abad et al., 2011; Giorgio Serchi et al., 2011; Huang et al., 2012; Janocko et al., 2013; Dorrell et al., 2013] . Recently, the debate has started to move on, with a limited number of theoretical studies [Abad et al., 2011; Dorrell et al., 2013] exploring the fundamental controls on the orientation of helical flow cells and therefore how common different helical flow structures actually are. These studies are extremely valuable, however, such theoretical approaches are fundamentally constrained by a lack of field data. In this study, we present the first field data showing how the three-dimensional velocity and density structure within an active channelized submarine gravity current evolves as the flow travels around a bend. Importantly, the field data are sufficiently detailed to resolve the radial force balance governing the helical structure of the flow and therefore its spatial and temporal development. The results so obtained provide unprecedented insight into the dynamics of a natural channelized submarine gravity current with implications for the future development of conceptual, numerical, and experimental models of these flows.
Helical Flow
As fluid flows travel around bends, curvature-induced centrifugal acceleration forces the fluid to move outward, resulting in a superelevation of fluid at the outer bank, which in turn sets up a radial pressure field, typically directed toward the inner bank. The outward-directed centrifugal and inward-directed pressure gradient forces are locally imbalanced within the vertical. This typically results in a cross-stream circulation cell, in which near-surface fluid moves toward the outer bank and near-bed fluid moves toward the inner bank [e.g., Rosovskii, 1957; Thorne et al., 1985] . Downstream advection of these cross-stream flow structures results in an overall helical flow structure.
There are many similarities between subaerial channel systems and submarine channel systems, for example their gross planform morphology and smaller scale features such as crevasse splays and point bars [Klaucke and Hesse, 1996; Peakall et al., 2000 Peakall et al., , 2007 Kolla et al., 2007] but it is unclear whether subaerial and submarine channel systems develop and evolve through similar processes [e.g., Pirmez and Imran, 2003] . It is important to note, that there are fundamental differences between the fluid flows that create subaerial and submarine channel systems, which might suggest significant differences also exist between the dynamics of these two systems. Open-channel flows and submarine density currents have very different vertical profiles of the primary flow velocity, with the location of the velocity maximum generally being located toward the surface in open-channel flows, but toward the base of density currents [e.g., Garcia and Parker, 1989; Peakall et al., 2000; Felix, 2002; Manica, 2012] . Open-channel flows tend to be well confined by their channel systems, whereas density currents may be unconfined, with the potential for material to be lost from the flow through processes such as flow stripping [Piper and Normark, 1983; Peakall et al., 2000] . The density contrast between the flow and the surrounding ambient fluid is much less for submarine density currents than it is for open-channel flows, which is likely to affect the degree of superelevation of the flow at the outer bend and therefore lateral pressure gradients within the flow [Komar, 1969; Dorrell et al., 2013] . The lateral pressure gradients may also be modified within submarine gravity currents due to lateral flow stratification [e.g., Kassem and Imran, 2004; Giorgio Serchi, 2011; Janocko et al., 2013] . The larger scale of some submarine channel systems also means that Coriolis forces resulting from the Earth's rotation can potentially also be important Wells, 2010, 2013; Dorrell et al., 2013; Peakall et al., 2013] .
Initial numerical investigations [Imran et al., 1999; Kassem and Imran, 2004] of helical flow in submarine channel bends suggested that such bends exhibit a similar helical flow structure to rivers. However, these results were apparently contradicted by numerical and experimental studies [Corney et al., 2006; Keevil et al., 2006] , which demonstrated that gravity currents flowing around bends could exhibit helical circulation with the opposite sense of rotation to river flows (river-reversed), i.e., with near-bed flow at the bend apex directed toward the outer bend and near-surface flow directed toward the inside of the bend.
Subsequently, a variety of studies including numerical and experimental models al., 2012; Mahdinia et al., 2012; Janocko et al., 2013] , measurements of field-scale submarine density currents [Parsons et al., 2010] , and examination of ancient deposits in the rock record [Pyles et al., 2012] have demonstrated the occurrence of both river-like and river-reversed helical flows in submarine channel bends as well as the occurrence of multiple vertically stacked helical flow cells [e.g., Rosovskii, 1957; Imran et al., 2007; Islam and Imran, 2008; Giorgio Serchi et al., 2011] . Having established that a variety of helical flow patterns are possible, the debate has now moved on to understanding what controls the orientation of helical flow in submarine density currents and therefore how common different modes of helical circulation are in natural systems [Abad et al., 2011; Giorgio Serchi et al., 2011] and examining the implications of such reversals for channel morphology Amos et al., 2010; Darby and Peakall, 2012; Janocko et al., 2013] . Corney et al. [2008] combined experiments with numerical modeling to suggest that the orientation of helical flow cells is controlled by the vertical position of the velocity maximum, with helical flow being river-like when the velocity maximum is located high up in the flow, but reversed when the velocity maximum is near the bed. They suggest that the position of the downstream velocity maximum in most density currents will be sufficiently close to the flow bed that secondary flow is likely reversed. Abad et al. [2011] combined theory, experiments, and reconstructions of flows based on field data to suggest that flows are likely to be reversed when densimetric Froude number is either high with a near-bed velocity maximum, or densimetric Froude number is low with low boundary drag. They suggested that under most circumstances likely to occur in natural submarine density currents helical flow will be river-like. Giorgio Serchi et al. [2011] used a 3-D numerical model to investigate the orientation of helical flow cells for saline density currents on variable slopes. They concurred with Corney et al. [2008] that the orientation of helical flow cells relates to the height of the velocity maximum, but in addition they demonstrated that baroclinic forces caused by tilting of isopycnals within the flow are also an important control on the orientation of helical flow cells.
Recent field studies of helical flow in curved stratified estuaries [e.g., Seim and Gregg, 1997; Lacy and Monismith, 2001; Nidzieko et al., 2009] and oceanographic straits [Umlauf et al., 2007; Arneborg, 2009a, 2009b; Fer et al., 2010] provide a wealth of complementary information. Helical flow in curved estuaries may be river-like [Geyer, 1993; Seim and Gregg, 1997; Nidzieko et al., 2009] , river-reversed [Chant and Wilson, 1997; Seim and Gregg, 1997; Lacy and Monismith, 2001; Nidzieko et al., 2009] , or comprise multiple stacked flow cells [Cheng et al., 2009; Nidzieko et al., 2009] . River-reversed helical flow and multiple flow cells occur in highly stratified estuaries and result from strong baroclinic pressure gradients caused by lateral salinity gradients [Lacy and Monismith, 2001; Nidzieko et al., 2009] . In general, baroclinic pressure gradients are found to oppose centrifugal forcing causing the river-like helical flow to weaken and be replaced by a reversed helical flow cell [Nidzieko et al., 2009] . As elucidated in section 1.2, the orientation and structure of the helical circulation is likely controlled by the balance between centrifugal and baroclinic forces and also the variable response time of the flow to these different forces [Nidzieko et al., 2009] .
Governing Equations for a Submarine Gravity Current
In this paper, we analyze the flow using a coordinate system in which the h axis is oriented along the channel centerline (with positive values downstream), the r axis is perpendicular to the h axis (positive oriented toward the right-hand bank looking downstream) and the z axis is oriented vertically upward. Following the Boussinesq approximation, where suspended sediment concentration is assumed dilute [Meiburg and Kneller, 2010] (4) where t denotes the time coordinate, u the flow velocity (where subscripts h, r, and z denote the three components of velocity defined above), q x the density of the ambient fluid, P pressure, g gravitational acceleration, U the excess concentration of the flow relative to the ambient fluid, f the Coriolis parameter, and the matrix s represents the summed viscous and Reynolds stresses. From the above, the density of the flow q f may be defined as:
where q s denotes the density of the material transported by the flow.
In principle, equations (1-5) provide a complete and precise description of flow within a submarine gravity current, and as such the flow field is seen to be governed by a complex balance between the inertial, convective, Coriolis, and pressure gradient forces, as well as the viscous and turbulent stresses. However, in practice it is not feasible to acquire all the synoptic measurements to close these governing equations. As such, in practical applications, additional assumptions are introduced in order to simplify the equations to the point at which a solution becomes tractable.
In this study, we employ the shallow water form of the above governing equations. In the shallow water derivation, it is assumed that the vertical scale is of the order of the flow depth (H) and is much smaller than the horizontal length scale (L), such that the aspect ratio d 5 H/L << 1. It is further assumed that the radial velocity along a line of constant curvature is small in relation to the streamwise velocity, and therefore, from fluid mass conservation that the vertical velocity component is small in relation to the radial velocity, i.e.,
Note that this assumption implies that the bend is well defined by a circular arc, which may not be the case in natural systems. Furthermore, applying the above scaling arguments to the vertical momentum equation (4) implies that the flow is hydrostatic to leading order:
Assuming that the flow is submerged in an infinitely deep fluid and that the pressure tends to a constant, P a , as z ! 1, the hydrostatic pressure field of the flow is:
4. The Coriolis force is of order unity and is, therefore, non-negligible, and;
5. The summed viscous and Reynolds stresses are of order unity or less, such that some of the terms can be neglected, but others cannot.
Regarding the latter point, Rozovskii (1957) details the scaling of the summed viscous and Reynolds stresses. The majority of the Reynolds stresses may be assumed negligible under dimensional analysis, (equation (6)), except for the component of s rz that is described by 2t t @u r =@z, where v t is the eddy viscosity and the overall term represents the leading order component of turbulence-induced fluid momentum diffusion. Consequently the radial momentum balance (2) simplifies to:
where the pressure field is assumed to be hydrostatic and temporal variations (i.e., the inertial terms), convective accelerations and the stress terms (s rr , s rs , and a component of s rz ) are neglected. Thus, with these assumptions the leading order behavior of the local radial flow can be understood to be controlled by the balance between the magnitude of the turbulent shear stresses generated by the flow (left-hand side of equation (9)) and the sum of the cross-stream forces, which comprise the lateral pressure gradient, Coriolis force and centrifugal forces, respectively (right-hand side of equation (9)).
Aims
In this contribution, we present data from a natural field-scale system showing for the first time how velocity and density fields evolve in a natural submarine density current as it flows around a bend. This data is used to resolve the radial momentum balance for the flow as it evolves around the bend. We assess the relative contribution of different terms of the momentum budget (turbulent shear stress, lateral pressure gradient, Coriolis acceleration, and centrifugal acceleration) in controlling bend flow dynamics and we use the residuals of the radial momentum equation to estimate the magnitude of the temporal, convective acceleration, and stress terms neglected in equation (9), henceforth referred to as the nonlocal acceleration term. Our overall aim is to use this novel data set to elucidate the fundamental controls on helical flow within submarine density currents, with implications for both modeling flow dynamics and understanding the sedimentology of submarine sinuous channel systems.
Study Area and Methods

Study Area
Data were collected from a submarine channel system on the Black Sea shelf, immediately to the north of the Strait of Bosphorus in water depths of 70-120 m ( Figure 1a) . Proximally, the channel system comprises a single trunk channel up to 1.3 km wide and 25 m deep that exhibits a prominent left hand (anticlockwise bend) bend with radius of curvature 3.6 km (using the method of Richards [1982] ). Distally, the main channel splits into a network of smaller distributary channels. The channel system was initiated 7.5 ka when a permanent connection was established between the Mediterranean Sea and the Black Sea, via the Strait of Bosphorus. Mediterranean water is 16-17 psu (practical salinity units) more saline than Black Sea water. This results in an underflow of dense Mediterranean water that passes through the Bosphorus Strait and which, on entering the Black Sea, plunges down to form a stratified gravity current. Interaction of this gravity current with the seafloor has led to the development of the channel system during the past 7.5 ka ].
The gravity current has a depth averaged density of 1024 kg/m 3 (based on depth averaging ''within channel'' density profiles, from the base of the flow to the midpoint of the mixing zone) a maximum thickness of 35 m, and a maximum velocity of 1.5 m/s. The excess density of the flow (10 kg/m 3 ) is comparable to values estimated for deep-sea turbidity currents [Pirmez and Imran, 2003] , albeit in turbidity currents this excess density dominantly results from suspended sediment. Despite being driven by the salinity contrast, the Black Sea gravity current is sufficiently energetic to transport and rework sediment, which is evidenced by the presence of large coarse-grained sandy bedforms within the channel network and fine-grained external levees . Flow is quasi-continuous, very occasionally being interrupted for short periods when strong onshore winds strengthen Black Sea outflow sufficiently to inhibit inflow of dense Mediterranean water [ € Ozsoy et al., 2001] .
Deep-sea turbidity currents have proven notoriously difficult to measure, and thus directly investigate, due to their inaccessible location and infrequent occurrence, which is compounded by present sea-level highstand. The relatively shallow depths of the channel system and the quasi-continuous nature of the Black Sea gravity current flow provide a rare opportunity to study three-dimensional flow dynamics and the interaction of the flow with a seafloor channel network. Thus, it provides a rare analogue for dilute sedimentladen turbidity currents traversing submarine channel systems.
Methods
The velocity of the gravity current was measured in three components using a 1200 KHz Acoustic Doppler Current Profiler (ADCP), with a vertical bin size of 0.5 m. The ADCP was deployed from Autosub3, an autonomous underwater vehicle (AUV), enabling transects of velocity data to be collected. Vertical salinity profiles were measured by deploying a conductivity temperature depth probe (CTD) from a stationary research vessel (RV Koca Piri Reis). The ADCP data presented in this study were collected during a 48 h Autosub3 mission deployed on 22 May 2010 and the CTD data were collected during the period 19-22 May 2010.
Autosub3 was deployed to collect ADCP data along three 2 km long transects (transects 4-6), perpendicular to the channel axis and spaced roughly equidistantly around the apex of the main channel bend (Figure . Four repeat measurements were made for each of these transects allowing the quantification and identification of coherent flow structures, e.g., helical flow cells [c.f. Szupiany et al., 2007; Parsons et al., 2013] . In addition, a single ADCP profile was measured for a 3.5 km cross-channel transect close to where the flow exits the mouth of the Bosphorus Strait (transect 1) and a 2 km cross-channel transect distal to the channel bend (transect 7) (Figure 1a) . Szupiany et al. [2007] demonstrate that single transects are capable of capturing the main flow features, such as helical flow cells, but may lack the finer flow details necessary for quantitative flow analysis. CTD profiles were collected at several points along cross-channel transects (2-6), with an average spacing of 270 m (Figure 1a) . The CTD data were interpolated to the sidewalls by interpolating the data across an adjusted grid [r,z 0 ], where z 0 5 z 2 b (where z is the original grid and b is the bed depth), and then mapped back onto the real world grid [r,z] . We use a cubic method to interpolate between the data points and to interpolate the data to the channel walls.
The ADCP velocity data were processed using the following steps: (i) position data from the AUV's inertial navigation system were corrected for drift using GPS fixes at the midpoint and end of the AUV survey; (ii) the component of velocity resulting from movement of the AUV was removed from the ADCP-derived flow velocity; (iii) vector data were rotated from a coordinate system relative to the AUV to a global coordinate system; (iv) depth measurements were corrected for vertical offset of the ADCP relative to the AUV's pressure sensor; (v) all data below the maximum ADCP backscatter intensity or within blanking distance (B) of the seafloor were removed, using B 5 asin 2 a, where a is the altitude of the AUV and a is the angle that the acoustic beam is emitted from the ADCP (20 ); (vi) depth data were converted from being relative to the AUV to being relative to the sea surface; (vii) data for individual transects were rotated so that downstream velocities are parallel to the channel walls and cross-stream velocities are perpendicular to this, with positive values denoting outer bank directed flow and negative inner bank directed flow; and (viii) where repeat measurements of a transect were measured, the data were averaged and projected onto a single plane [cf. Parsons et al., 2013] . Density was calculated from the salinity and temperature data measured from the CTD using equations presented in UNESCO [1983] . 
Evaluation of the Radial Momentum Equation
The Coriolis parameter was calculated for a latitude (H) of 41.3 using f 5 2XsinH, where X is the Earth's rotation rate. Since, the available field data only describes flow velocity at a point in time and space the Reynolds averaged turbulent motion of flow (i.e., turbulent shear stress) cannot be computed directly [e.g., Geyer et al., 2000] . Here, we use the Prandtl mixing length hypothesis to model the turbulent diffusion of fluid momentum (here described as a turbulent shear stress) as the product of an eddy-viscosity and the local gradient of the flow velocity (equation (9)) [Nielsen and Teakle, 2004] . Recent work of Odier et al. [2009] and Cossu and Wells [2012] confirms that, in the shear-layer, the Prandtl mixing-length model well describes the eddy viscosity, as the product of a mixing length and the absolute value of the local flow velocity gradient. Odier et al. [2009] propose a scaling for the characteristic mixing length of the flow, in terms of the turbulent energy dissipation rate. However, this argument cannot be replicated or tested here as such field data are not available. Moreover, it is not apparent whether such a model is well suited to describe turbulent mixing at the flow velocity maximum away from the shear-layer of the flow [Stacey and Bowen, 1988; Pope, 2000] . Alternatively, the eddy viscosity is classically modeled in terms of bulk flow conditions multiplied by some shape factor, detailing vertical variation within the flow. While there exists a range of shape-functions (e.g., constant, linear, parabolic, and piecewise varying, see for example Dorrell and Hogg [2012] ) to describe the vertical variation of the turbulent mixing within the flow, we employ a parabolic (Rousean) curve, following Stacey and Bowen [1988] , to describe vertical variation of the eddy-viscosity within the flow. In the model, the magnitude of the eddy viscosity is assumed to be proportional to the basal friction velocity, calculated as u h =C z where u h is the depth averaged downstream velocity and C z is the Chezy coefficient. A Chezy coefficient of 8.8 was calculated from flow parameters using the Darcy-Weisbach method [Soulsby, 1997] . The pressure gradient term comprises barotropic and baroclinic contributions resulting from flow superelevation and lateral density gradients, respectively. An important consideration in calculating the pressure gradient and shear stress terms is where to define the upper surface of the flow. Previous studies in the Black Sea have defined the ambient fluid density as 1014 kg/m 3 [e.g., Latif et al. 1991] . However, such a value is problematic for the present study. This is most apparent in transect 1 (Figures 1f and 2g) , where most material of density 1014-1015 kg/m 3 overlies the gravity current and is moving as a return flow toward the Bosphorus Strait. There is also the consideration, exemplified in transect 6 (Figures 1c and 1h) , that much of the material between 1014 and 1015 kg/m 3 is of low downstream velocity (<20 cm/s) and is not involved in the helical flow. We therefore used the downstream and cross-stream velocity data, and the density data in conjunction with one another to define the upper surface of the flow. Thus, the upper surface is defined by a fixed density for each transect but it varies between transects ( Figure 1) . Having defined the upper surface of the flow the interpolated density data (see section 2.2 for details) were used to compute the pressure gradients in equation (8) and then the integral components, which comprise the transverse water slope (barotropic component) and the radial density gradient and radial structure gradient (baroclinic component). All the terms in equation (9) are calculable using the data presented in this study. Any discrepancy between the left and right-hand side of equation (9) that is too large to be accounted for through measurement error (see below), is attributable to the combined magnitude of the terms omitted in deriving equation (9), namely (see section 1.2): (i) temporal variations of the flow field (i.e., the inertial terms arising from flow unsteadiness); (ii) the convective acceleration terms from the radial momentum balance (e.g., deviation of the flow from a circular orbit), and (iii) the turbulent stresses neglected from the radial momentum balance. Evaluating the magnitude of the residuals of equation (9) therefore provides a means to evaluate the combined magnitude of these three omitted terms.
Strait of Bosphorus
The error in each velocity measurement was taken to be a combination of the error velocity evaluated by the ADCP and any drift error in the inertial navigation system of the AUV. The error velocity is an estimate of the standard deviation in each velocity measurement and is evaluated from the difference in calculations of velocity using different combinations of three of the four ADCP beams [Oberg and Mueller, 2007] . These error velocities were propagated through the equations used to calculate centrifugal acceleration, Coriolis acceleration, and turbulence shear stress, and the resulting uncertainties were found to be of the order O(10 28 ), O(10 27 ), and O(10 27 ), respectively. The manufacturer's resolution estimates for salinity (0.4 ppm) and temperature (0.0001 C) were used to estimate the error in the density measurement by propagating them through the equations presented in UNESCO [1983] , resulting in uncertainty in the density measurements of 60.08 kg/m 3 . The difference between the resulting lateral pressure gradients calculated with positive and negative density error was taken as an estimate of the uncertainty in the lateral pressure gradients and was found to be O(10 25 ). The error in the lateral momentum term O(10 25 ) was the maximum value found by combining the errors in the lateral pressure gradients, centrifugal, and Coriolis forces. In all cases, these terms were found to be at least two orders of magnitude larger than their respective errors.
Results
Velocity and Density Magnitude and Distribution
On exiting the Strait of Bosphorus the gravity current comprises a high-density core 10 m thick, which is confined within the channel. Overlying this there is an unconfined dilute flow phase 30 m thick that is travelling slowly (<0.2 m/s) in the opposite direction to the gravity current; this is the return part of the exchange flow between the Marmara Sea and the Black Sea via the strait of Bosphorus. Maximum velocity (0.9 m/s) is located 7 m (z/H 5 0.7) above the seafloor, although there is no distinct velocity core (Figure 1f ). Cross-channel velocities reveal a single helical circulation cell, with a clockwise (river-like) orientation when viewed looking downstream (Figure 1k ). Downstream of transect 1, and before transect 2, there is a region containing hydraulic jumps . Density transects in the region prior to the bend apex (transects 2 and 3) reveal that the density core of the flow is located low down and centrally (Figures 2e and 2f) and that the flow is up to 20 m thick and is not fully confined within the channel.
Prior to the bend apex (transect 4) the gravity current is up to 20 m thick at the outer bend where the flow is superelevated (Figure 1e ) but does not appear to overspill significantly at the time of survey (Figures  1e and 2d) . Flow is unconfined at the inside bend. The densest part of the flow is spread across the channel width (Figures 1e and 2d) . The velocity maximum (0.89 m/s) is located centrally within the channel, and at an elevation of 10 m (z/H 5 0.5) above the channel floor. Cross-channel flow is dominated by a counterclockwise helical circulation cell, with flow directed toward the outer bank at the base of the flow, and toward the inner bank at the top of the flow. There is some weak inwardly directed flow, toward the bottom of the flow, at the outer bank (Figure 1j ). The channel is 1283 m wide and 19 m deep, the positive relief in the base of the channel is a bar form dominantly comprising coarse-grained sand.
Downstream of the bend apex (transect 5) the gravity current is up to 20 m thick and flow is unconfined on both sides of the channel (Figures 1d, 1i , and 2c), with the flow superelevated toward the outside of the bend. The density core is located toward the inside bend, whereas the velocity maximum (0.81 m/s) is located toward the outer bend at an elevation of 15 m (z/H 5 0.75) above the channel floor (Figures 1d and  2c ). Cross-channel flow is complex, with the lower half of the flow being dominantly outward directed but with some low velocity inwardly directed flow within this zone. Helical flow toward the flow top is inwardly directed (Figure 1i) . The channel at this location is deeper (22 m) and narrower (882 m) than upstream with a prominent aggradational levee on the outer bank.
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On exiting the bend (transect 6), the flow is up to 20 m thick and flow is unconfined by the channel (Figures 1c, 1h , and 2b). The density core has returned to being centrally located and the flow remains slightly superelevated at the outer bend (Figure 2b) . The flow displays a double downstream velocity core, with a maximum velocity of 0.84 m/s located centrally within the left hand velocity core, at an elevation of 14 m (z/H 5 0.7) above the channel floor. Helical flow is complex displaying both weak inward and weak outward directed flow at the flow base, strongly outwardly directed flow toward the top of the channel, and inwardly directed flow at the flow top (Figure 1h ). The channel has returned to being shallower (18 m) and wider (1066 m), with a bar form comprising coarse sand at the outer channel wall.
Distal to the bend (transect 7), the flow is 15 m thick (Figures 1b, 1g , and 2h). The density profile in Figure  2h was taken 700 m upstream of transect 7 and shows that the flow has a dense component 8 m thick overlain by a more dilute flow phase. At the location of the transect, the velocity core is located some 9 m (z/H 5 0.6) above the channel floor and has a maximum velocity of 1.04 m/s. Helical flow in the main channel manifests as a clockwise directed helical circulation (looking downstream) with inward directed basal flow, and flow that overspills into a smaller channel to the east (Figure 2e) .
It is not possible to image the near-bed region of the flow using an ADCP because of acoustic side-lobe interference. Therefore, we cannot be certain about the nature of the cross-stream flow in a zone close to the bed region. However, the available data and previous data do suggest that near-bed flow is outwardly directed at the bend apex. First, our measurements closest to the bed in transect 5 at the bend apex are all outwardly directed. Second, previous data from the bend axis where the flow was imaged closer to the bed is also outwardly directed [Parsons et al, 2010] .
Evaluation of Terms of the Lateral Momentum Equation
The terms of the radial momentum equation (9) were evaluated for the three transects (transects 4-6) for which both velocity and density data were collected (Figures 3-5) . Recall that the left-hand side of this equation (9) represents the shear stress generated by the flow (O(10 22 210 23 )), and the right-hand side represents the cross-stream forces acting on the flow (O( 10 23 )) which comprises the pressure gradient, centrifugal force, and Coriolis force. The data reveal that for all of the transects the shear stress and cross-stream forcing are of similar orders of magnitude, however, their structures can be very different (Figures 3-5) . The for pressure gradients, centrifugal forces, and Coriolis forces. Pressure gradients are dominantly outwardly directed at the inside bend and inwardly directed at the outer bend, with the highest pressure gradients located toward the base of the flow. In all three transects (4-6), the highest pressure gradients are outwardly directed. The centrifugal forces and Coriolis forces are always outwardly directed throughout the flow depth with their maxima corresponding to the height of the velocity maxima.
Evaluation of Nonlocal Accelerations
If the flow were well described by the radial momentum balance presented in equation (9), then we would expect the turbulence shear stress generated by the flow and the cross-stream forces acting on the flow to be approximately balanced (Figures 3-5) . While the turbulent shear stress and cross stream forcing are of similar magnitude (both O(10 23 )), their structures vary significantly and this results in the difference between the two terms also being of O(10 23 ). This discrepancy is too large to be attributed to measurement error (see section 2.4). It is most likely that the forces do not balance because of nonlocal accelerations of the flow due to additional forces such as topographic forcing due to changes in channel shape [e.g., Dietrich and Smith, 1983; Nelson and Smith, 1989] and downstream advection of the flow [e.g., Furbish, 1987] . Importantly, this nonlocal acceleration term is of similar order of importance in the cross-stream force balance as the lateral pressure gradient and is of greater magnitude than either the centrifugal or Coriolis forces acting on the flow.
Discussion
In the following section, we consider why the velocity and density maxima decouple as the flow goes around the bend. We then discuss the implications of this decoupling for understanding the fundamental controls on the orientation of helical flow in submarine gravity currents. Finally, we highlight factors that must be considered in future numerical models in order for them to accurately represent their natural counterparts.
Why Do Velocity and Density Decouple Around the Bend?
As the flow travels around the bend, the velocity maximum and the density maximum decouple. The velocity maximum moves upward and outward, whereas the density maximum hugs the inner channel bend (Figures 1 and 2 ). This decoupling is important because this density distribution strongly influences the cross-stream pressure gradient, which is the leading order term in the cross-stream force balance. Decoupling of velocity and density, with the density maximum hugging the inside channel bend is not unique to this study but has also been observed in field studies of stratified flows in curved estuaries [Seim and Gregg, 1997; Nidzieko et al., 2009] and a stratified gravity current travelling through a curved channel-like constriction in the western Baltic Sea [Umlauf et al., 2007; Arneborg, 2009a, 2009b] . In all of these cases, this density distribution is associated with nonriver-like helical flow structures, i.e., flow reversal and/or multiple stacked flow cells.
To understand the cross-channel force balance and the structure of helical flow cells, it is important to consider why density and velocity decouple and how the density maximum ends up at the inside bend. Seim and Gregg [1997] suggest that river-like helical flow prior to the channel bend forces the dense fluid to the inner channel wall, it then causes the dense fluid to be lifted up and for the flow to overturn and mix. We infer a similar process for the Black Sea ( Figure 6 ). Inwardly directed near-bed flow prior to the bend pushes the density maximum inward. However, due to the higher density and greater stratification in the Black Sea, the flow has insufficient energy to lift the dense fluid and instead it remains trapped at the inner bend whereby it sets up a pressure gradient into the interior of the flow which contributes significantly to flow reversal ( Figure 6 ).
Two previous numerical modeling studies have considered the detailed cross-channel density distribution of a channelized submarine gravity current travelling around a bend [Giorgio Serchi et al., 2011; Janocko et al., 2013] . These two models display different results. Contrary to our data, Giorgio Serchi et al. [2011] show that at the channel apices the density maximum is shifted toward the outer bend. It is only as the flow is entering the second bend that the density maximum is located toward the inside bend. However, this density distribution is rapidly obliterated because of strong centrifugal forces. In contrast, the model of Janocko et al. [2013] shows similarities with our results, with the density maximum located at the inner Janocko et al. [2013] result in radial pressure gradients that dominate over centrifugal forces as the flow travels around the bend. Thus, these studies support the assertion that centrifugal forces are likely to dominate in studies with weakly stratified flows and tight bends, whereas radial pressure gradients will dominate for stratified flows travelling around more open bends. Therefore, decoupling of the velocity and density maxima is most likely to predominate for stratified flows travelling around relatively open bends.
What are the Fundamental Controls on Helical Flow in Submarine Density Currents?
As the Black Sea density current flows around the bend the velocity core moves outward and upward and there is superelevation of flow at the outer bend. As discussed above, the dense core of the flow hugs the inner bend (Figure 6 ). This results in lateral pressure gradients directed toward the interior of the flow that result from flow superelevation at the outer bend and pressure gradients resulting from the density core at the inner bend. Centrifugal acceleration and Coriolis acceleration provide more minor contributions to the outwardly directed flow, with their maxima corresponding to the vertical location of the downstream velocity maxima.
We find that there is a significant imbalance in our closure of the lateral momentum budget as expressed by equation (9), meaning that an important term or terms (nonlocal acceleration) are missing from that balance. This missing term, or terms, is of similar magnitude to the contribution from the lateral pressure gradients. This nonlocal acceleration term likely includes contributions from topographic steering due to changes in gross channel shape and internal architecture such as large-scale bed and bar forms [Dietrich and Smith, 1983; Legleiter et al., 2011] . This likely explains some of the complexity observed in the helical flow structure around the bend apex, where the channel changes shape and there are prominent barforms toward the outer channel wall. Downstream advection of the flow means that there is a lag time between the forces acting on the flow and the development or adjustment of helical flow [Furbish, 1987; Chant and Wilson, 1997] , this makes it inappropriate to balance cross-stream flow in any two-dimensional cross section.
The key result from this study is that whereas previous work has assumed that centrifugal forces are the primary control on the orientation of helical flow cells, we find that in the Black Sea gravity flow, lateral pressure gradients, and nonlocal acceleration of the flow are the leading order terms in the lateral momentum budget. We acknowledge that the force balance acting on other systems may differ. In particular, centrifugal forces may dominate lateral pressure gradients in systems with tighter bends and faster flows; moreover, sediment-laden flows may adjust their stratification differently to the saline flow studied here. However, this study shows strong agreement with complementary studies of stratified flows in curved estuaries where it has been shown that, in weakly stratified flows, the centrifugal forces dominate the lateral momentum budget, whereas in highly stratified flows lateral pressure gradients can dominate instead [Lacy and Monismith, 2001; Nidzieko et al., 2009] . In estuaries, river-reversed helical circulation is the exception rather than the norm because well-mixed flows are more common than stratified flows. However, in submarine channels river-reversed helical flow cells and complex helical flow structures may be more common as highly stratified flows are likely to be common, particularly in proximal settings [Stacey and Bowen, 1988; Hiscott et al., 1997; Peakall et al., 2000] .
Implications for Modeling Curvature-Induced Lateral Circulation in Submarine Flows
This study highlights that lateral pressure gradients and nonlocal accelerations can be leading order terms in the cross-stream force balance. This has several implications for accurately modeling flows. First, crosschannel density gradients cannot be ignored. Second, three-dimensional models are required to accurately predict cross-stream flow patterns. Third, changes in channel shape and topography may be of equal importance in controlling the structure of helical flow cells as either centrifugal forces or lateral pressure gradients.
With the exception of Giorgio Serchi et al. [2011] and Janocko et al. [2013] , previous models of flow in submarine channels have not considered lateral density gradients. In this study (Black Sea), and others [e.g., Seim and Gregg, 2009; Nidzieko et al., 2009] , strong lateral density gradients result in lateral pressure gradients that are the dominant term in the cross-stream force balance. The nonlocal acceleration term includes contributions from topographic forcing and downstream advection of the circulation cell that results in a spatial and temporal lag in the flow reacting to the forces acting upon it. Without further detailed measurements, we cannot evaluate the magnitudes of the different contributions to the nonlocal acceleration term. It is clear that the shape of the channel varies significantly around the bend, and that this is likely to impact on helical flow structure [Dietrich and Smith, 1983; Legleiter et al., 2011] . This suggests a potential source of error in models with a fixed channel geometry. The spatial and temporal lag in the flow reacting to the forces acting upon it seriously questions the ability of two-dimensional models to accurately capture cross-stream flow dynamics.
Conclusions
We present an exceptional data set that illustrates how the three-dimensional velocity and density of a submarine gravity current evolves as it travels through a sinuous channel system on the Black Sea shelf. This gravity current provides a rare analogue to turbidity currents in the deep sea, for which there are few direct measurements [Talling et al., 2012] . Helical or cross-channel flow is a major control on the morphodynamics of channel systems [Darby and Peakall, 2012] . Prior to the channel bend, the Black Sea flow exhibits river-like helical flow, with near-bed fluid directed toward the inner bend. As the flow travels around the bend, the direction of near-bed flow reverses and complex helical flow patterns are observed. Following the bend, the near-bed helical flow returns to being directed toward the inner bend. Existing models tend to assume that the orientation of helical flow in submarine gravity currents is controlled by centrifugal-and Coriolis-induced accelerations. In contrast, calculation of the forces acting on the Black Sea gravity current reveal that lateral pressure gradients resulting from flow stratification are the dominant force in the cross-stream momentum balance. This results, in part, from decoupling of the velocity and density maxima as the flow goes around the bend, with the high density fluid at the inside bend causing strong pressure gradients directed toward the interior of the flow. By analogy with estuarine flows, the domination of radial pressure gradients over centrifugal forces is likely to occur in highly stratified flows traveling around relatively open bends as is likely to be the case for many naturally occurring turbidity currents. Our analysis also demonstrates that nonlocal acceleration terms, which may be due to topographic forcing and downstream advection of cross-stream flow, are important terms in the cross-stream momentum balance. The major implications of this work for conceptual and numerical modeling are that three-dimensional models that incorporate lateral flow stratification are required to accurately model curvature-induced helical flow, and that changes in channel geometry may contribute significantly to the forces acting on the flow.
